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In this paper we study the microscopic mechanism for the retarded decay of K-isomers to lower K
bands. We do angular momentum projection from suitable intrinsic states. The retardation arises
from poor overlap between the low K and high K bands in the integral over Euler angles. Deformed
HF and angular momentum projection calculations are done for the decay of the K = 10+ isomer
band to the ground band of 182W . K-mixing is unimportant and the K quantum numbers of the
bands are quite good. There is significant difference in the reduced matrix elements of transition
operators in our formalism and that in the rotational model. Angular momentum projection gives
J-selection rule but there is no K selection rule for reduced matrix elements of electromagnetic
multipole operators. Thus, E2 and M1 transitions from the K isomer to the ground band of 182W
are finite but retarded in angular momentum projection theory, as in experiments. This provides
a theoretical basis for the study of K-isomers and their decay modes. Quantitative results are
presented. The microscopic model gives J-selection rule and angular momentum conservation for
combined matter and radiation systems.
PACS numbers: 21.10.-K, 21.10.Ky, 23.35.+g, 23.20.Js, 21.60.Jz
Introduction: The problem of the decay of K iso-
mers and the associated K selection rule and its violation
in deformed nuclei have been subjects of much discus-
sion. Many cases of K violating gamma-ray transitions
are known experimentally [1–6]. No consistent explana-
tion is available for the finite but retarded transitions
from K isomers to lower K bands seen experimentally.
The rotational model forbids such transitions (the K-
selection rule) [7, 8] and in many discussions various ad
hoc assumptions are made to explain the violation of K
selection rule [4]. But a proper quantitative understand-
ing of the mechanism of the K-selection rule violation
in the framework of nucleon-nucleon residual interaction
is still lacking. One needs a refined model at the mi-
croscopic level to understand properly the low multipole
decay modes of K isomers.
Peierls and Yoccoz [13] showed more then 60 years
ago that one needs angular momentum projection from
deformed intrinsic states by applying rotation operator
and integrating over the Euler angles in order to obtain
physical states of good angular momentum J [13, 14, 17]
(An intrinsic state of a deformed nucleus being a wave
packet and a superposition of various J states, angular
momentum projection is essential). We show in this work
that a consistent application of the Peierls-Yoccoz pro-
cedure gives J selection rule for reduced matrix elements
for electromagnetic transitions among states of various
bands, but there is no K selection rule forbidding J al-
lowed transitions between bands. In the following we
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briefly describe the deformed HF and angular momen-
tum projection procedures and present results for defor-
mations, energy spectra and electromagnetic transitions
for the ground and the µ-second K=10+ band of 182W . It
is found that E2 and M1 transitions from K=10+ band-
head to the ground band of 182W are finite but retarded,
in violation of K-selection rule, and in agreement with
experimental trends [1, 2]. We thus obtain a theoretical
explanation of K-isomer decay at the microscopic level,
without phenomenological assumptions or K mixing.
HF Theory and Angular Momentum Projec-
tion: We use two major shells for protons and neutrons
each with a surface delta residual interaction [16] in our
study. The model space consists of 1g7/2, 2d5/2, 2d3/2,
3s1/2, 1h11/2, 1h9/2, 2f7/2, 1i13/2, and 2g9/2 with single-
particle energies -6.92, -5.30, -3.58, -3.298, -4.376, 1.0,
2.0, 3.0 and 5.5 MeV respectively for protons. For neu-
trons we have 1h9/2, 2f7/2, 2f5/2, 3p3/2, 3p1/2, 1i13/2,
1i11/2, 2g9/2, and 1j15/2 with single particle energies -
10.943, -11.629, -8.407, -8.739, -7.776, -9.494, -4.049, -
3.485 and -0.95. The force strength of the residual in-
teraction (surface delta) is taken as 0.15 MeV which is
appropriate for this calculation in extended model space.
The band structure for a broad range of rare-earth nuclei
are well described with this model space and interaction.
182W has neutron and proton numbers above the mid-
shell and we use a fairly large model space to describe its
spectra. The HF procedure is based on variational prin-
ciple [14, 15]. In applications in light nuclei, the HF and
J projection are known to account for 2-body correla-
tion and give results close to shell model diagonalization
[10, 11]. For heavy deformed nuclei, the model is known
to give quantitative results for the band structures and
deformations [9, 12, 17–21, 24–27].
2-2 0 2 4 6 8
-20
-18
-16
-14
-12
-10
-8
-2 0 2 4 6 8
-16
-14
-12
-10
-8
-6
-4
-2
0
Neutrons Protons
ε H
F
m m
182W
9/2+
11/2+
FIG. 1. Energy of HF orbits of 182W in MeV. The m value of an orbit is indicated by its length. Each orbit is doubly degenerate.
The Fermi levels of neutrons and protons are indicated (dotted). The +ve parity orbits are in dashed red and the -ve parity
orbits are in solid black.
Hartree-Fock equations with axial symmetry:
The Hamiltonian consists of single-particle energy term
and 2-body residual interaction:
H = HS.P + V (1)
For axially symmetric HF field, an orbit is
|αm
〉
=
∑
j
Cαjm|jm
〉
(2)
The HF equations are
(ǫj − Eα)C
α
jm +
∑
j1j2j4m2
V (j1mj2m2; jmj4m2)
ρj4m2j2m2C
α
j1m = 0 (3)
and
ρj4m2j2m2 =
∑
α(occupied)
Cαj4m2C
α
j2m2 (4)
The HF Hamiltonian and self energy are:
h = ǫ+ Γ (5)
Γ = V ρ (6)
Equations (3) and (4) are solved by iteration for the am-
plitudes Cαjm and energies of HF orbits Eα. During the
iteration procedure the residual interaction V is included
in each step in building the HF Hamiltonian. The pro-
late HF solution for 182W is the lowest in energy and its
orbits are shown in Fig. 1. Some of the results of the HF
solution (energies, quadrupole moments etc.) are given
in Table I. From Table I one sees that the residual in-
teractions among the nucleus (24 active protons and 26
active neutrons) are substantial. We emphasize that the
quadrupole moments etc. follow dynamically from the
HF solutions and are not externally imposed:
〈
Q20
〉
HF
= Tr(Q20ρ) (7)
Thus, the converged HF solution provides a self-
consistent deformed basis where the effect of residual in-
teraction is included [10, 11]. Suitable intrinsic states
are obtained as products of proton and neutron Slater
determinants built from the HF orbits.
In the intrinsic state frame (the body frame) we have
the deformed intrinsic state. This is not a state of unique
angular momentum, rather it is a superposition of various
J states. For rotational symmetry we need good angular
momentum states. As pointed out by Peierls and Yoccoz
(PY) [13] the intrinsic frame is not conductive to states
of good angular momentum. The PY procedure [13] con-
sists of rotating the intrinsic state (through Euler angles)
and integration over the angles representing the orienta-
tion of the intrinsic frame. This is angular momentum
projection.
Angular Momentum Projection formalism: It
is to be emphasized that an intrinsic state |φK
〉
, is a
superposition of various angular momentum states:
|φK
〉
=
∑
J
CJK |ψ
J
K
〉
(8)
3TABLE I. Prolate HF solution of 182W where substantial interaction energies are seen. Energies are in MeV. Mass quadrupole
moment Q20 and hexadecapole moment Q40 are shown in power units of oscillator length parameter b. b
2 ≈ (0.9A1/3 + 0.7)
fm2 [22].
EHF 〈Vpp〉 〈Vpn〉 〈Vnn〉 Q20 in b
2 Q40 in b
4
Proton Neutron Proton Neutron
-577.674 -33.222 -119.902 -43.475 15.368 26.339 -36.361 -52.920
The Peierls-Yoccoz procedure of angular momentum pro-
jection to a state of good angular momentum [13, 14]
consists of applying a rotation operator R(Ω) (Ω stands
for the Euler angles α,β,γ) to |φK
〉
and integrating over
the Euler angles with the D function:
|ψJK
〉
=
2J + 1
8π2
∫
dΩDJ∗MK(Ω)R(Ω)|φK
〉
(9)
where, R(Ω) is the rotation operator e−iαJze−iβJye−iγJz .
Energies and electromagnetic transition operators are
evaluated by calculating their matrix elements, which in-
volves integration over Euler angles. There is axial sym-
metry of the Hartree-Fock field and the intrinsic states
have good K quantum numbers. Thus, in the evaluation
of the matrix elements between intrinsic states |φK1
〉
and
|φK2
〉
the integration for two of the Euler angles α and γ
are done analytically and only the integration for Euler
angle β remains to be done numerically. We use 64 point
Gauss-Legendre formula for the numerical integration of
kernels over the angle β. Extended precision is used in
the evaluation of the kernels. The matrix elements of the
Hamiltonian and an electromagnetic operator of multi-
polarity L are:
HJK1K2 =
(J + 1/2)
(NJK1K1N
J
K2K2
)1/2
∫ pi
0
dβsin(β)dJK1K2(β)
〈
φK1 |He
−iβJy |φK2
〉
(10a)
〈
ψJ1K1 ||T
L||ψJ2K2
〉
=
(J2 + 1/2)(2J1 + 1)
1/2
(NJ1K1K1N
J2
K2K2
)1/2
∑
µ(ν)
CJ2 L J1µ ν K1
∫ β
0
dβsin(β)dJ2µK2(β)
〈
φK1 |T
L
ν e
−iβJy |φK2
〉
(10b)
where,
NJK1K2 =
∫ pi
0
dβsin(β)dJK1K2(β)
〈
φK1 |e
−iβJy |φK2
〉
(10c)
is the overlap integral.
We mention here about the possibility of K-selection
rule violating transitions in this theoretical formalism.
The Clebsch-Gordan coefficient in Eqn.(10b) for the re-
duced matrix element contains the J selection rule for
electromagnetic transitions and there is no K selection
rule to prohibit a J-allowed transition. (As example, for
E2 transition from J=10+ K=10+ to J=8+ K=0+, the
coefficient C10 2 82 −2 0 in Eqn.(10b) is non-zero and thus the
transition is allowed by J selection rule). Because of the
presence of the rotation operator R(Ω) in eqn.(10), there
is a summation over µ(ν) in the Clebsch-Gordan coeffi-
cient in Eqn.(10b). Thus, the angular momentum pro-
jection theory has J selection rule for the reduced matrix
elements, but there is no K-selection rule in this theory.
Spectroscopic Quadrupole moment and Magnetic mo-
ment are
QS(J) =
1√
(2J + 1)
√
16π
5
CJ 2 JJ 0 J
( ∑
i(p,n)
〈
ψJK ||Q
i
2||ψ
J
K
〉)
(11)
µ(J) =
1√
(2J + 1)
CJ 1 JJ 0 J
( ∑
i(p,n)
〈
ψJK ||g
i
l li + g
i
ssi||ψ
J
K
〉)
. (12)
Results and Discussions: The Hartree-Fock orbits
of the prolate deformed solution of the Eqns.(3) and (4)
are shown in Fig. 1 for 182W with 24 active protons and
26 active neutrons. The neutron orbit Ω=9/2+ is just
below the Fermi level and the Ω=11/2+ orbit is above.
One particle-one hole excitation across the neutron Fermi
level gives K=10+ configuration
(
9/2+n, 11/2+n
)
. This
configuration for K=10+ band agrees with that in [1].
The Hartree-Fock energy, pp, pn, and nn interaction
4TABLE II. BE(2) and BM(1) values for transitions from K = 10+ → K = 0+.
Transitions BE(2) in e2fm4 Transitions BM(1) in µ2N
10+iso → 8
+
gr 0.4106 × 10
−4 10+iso → 10
+
gr 0.3× 10
−7
10+iso → 10
+
gr 0.1963 × 10
−3 11+iso → 10
+
gr 0.3070 × 10
−6
11+iso → 10
+
gr 0.2353 × 10
−2 11+iso → 12
+
gr 0.4614 × 10
−6
12+iso → 10
+
gr 0.8295 × 10
−2 12+iso → 12
+
gr 0.7755 × 10
−5
13+iso → 12
+
gr 0.3115 × 10
−4
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FIG. 2. Plot of J overlaps for K=0+ and K=10+ intrinsic
states.
energies and the deformation obtained in the HF solu-
tion are given in Table I. The interaction energies
〈
Vpp
〉
,〈
Vpn
〉
,
〈
Vnn
〉
are substantial in the deformed HF and the
residual interactions are well taken into account [10, 11]
in this theoretical procedure.
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FIG. 3. Energy spectra of K=0+ and K=10+ bands of 182W
obtained by J projection from respective intrinsic configura-
tions. E2 and M1 transitions from the 10+ band-head to
the ground band are shown and compared with experimental
data.
We have done angular momentum projection from
K=0+ (ground band) and K=10+ (isomer) intrinsic
states and the results of the spectra are shown in Fig.
3. The overlap integrals N0+0+ and N10+10+ Eqn.(10c)
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FIG. 4. (a) J to J-2 BE(2) values for K=0+ band, (b) J to
J-1 BE(2) values for K=10+ band, (c) J to J-2 BE(2) values
for K=10+ band, (d) J to J-1 BM(1) values for K=10+ band
of 182W. Comparision is made with available experimental
BE(2).
are shown in Fig. 2, indicating well-spread wave-packets
and these suggest the need for angular momentum pro-
jection to get states of good J. It is to be noted that
the theoretical spectra shown in Fig. 3 have good K
quantum numbers (K=0+ and K=10+).
We have evaluated (Eqn. 10a) the energy overlap of
the 10+ states:
〈
10+isomer|H |10
+gr
〉
= 0.342 eV (13)
whereas the experimental energy difference between the
two 10+ states is
∆(10+isomer − 10
+gr) = 0.519MeV. (14)
Thus the interaction energy in Eqn.(13) is smaller than
the energy difference by a factor of about 1.5×106 and
so there is practically no mixing between the two J=10+
states of the K=0+ and K=10+ bands. This rules out the
possibility of K mixing and thus the K quantum numbers
of the two bands of 182W are quite robust.
The spectroscopic quadrupole moments and magnetic
moments of the ground and K=10+ bands are listed in
Table 3. In evaluating the magnetic moments and the
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FIG. 5. Values of (a) BE(2)(J to J-1), (b) BE(2)(J to J-2),
(c) BM(1)(J to J-1) for transitions from K=10+ → K=0+ of
182W.
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FIG. 6. Single nucleon transition in K-isomer decay (Ω2 to
-Ω1). Ω2=11/2
+ and Ω1=9/2
+ for K=10+ isomer of 182W.
BM(1) we use gpl=1.0, g
n
l =0.0, g
p
s=5.5857, g
n
s=-3.8261
and a spin quenching factor of 0.6.
In Fig. 3 the energy spectra of the ground band
and the K=10+ bandhead compare well with experiment.
The level spacings of the K=10+ band are a bit exagger-
ated in our model. In Fig. 4 (a), we plot the BE(2;
J→J-2) values for the K=0+ band. In our calculations
TABLE III. Spectroscopic Quadrupole Moments and Mag-
netic moments of K=0+ and K=10+ isomer bands from an-
gular momentum projection.
QgrS (2
+) µgr (2
+) QisoS (10
+) µiso(10
+)
(in e fm2) (in µN ) (in e fm
2) (in µN )
-409.78 1.494 475.861 -3.344
we have taken effective charges as 0.4 and 1.4 e for neu-
ton and proton. The Weisskopf single-particle estimate
for BE(2) for 182W is ≈ 61.3 e2fm4 and we have BE(2;
2+→0+) as 8181.4 e2 fm4 in our calculation, an enhance-
ment of about 140 over single-particle value. The exper-
imental BE(2; 2+→0+) is 8342.93 e2fm4 [23]. Similarly,
the experimental BE(2; 4+→2+) =12014.8 e2fm4, BE(2;
6+→4+) =12321.3 e2fm4 and BE(2; 8+→6+) =12811.7
e2fm4 where as our theoretical BE(2) values for the same
states are 11672, 12825 and 13379 e2fm4 respectively as
shown in Fig. 4(a).
The BE(2) values of the K=10+ band are plotted in
Fig. 4 (b) (J→J-1) and in Fig. 4 (c) (J→J-2). They
are collective, but the (J→J-2) BE(2)’s are less collective
of the two. The BM(1; J→J-1) for the K=10+ band are
shown in Fig. 4 (d). The BE(2) and BM(1) values for
transitions from the K=10+ band to the K=0+ ground
band are given in Table 2 and Fig. 5. These values
for K=10+→K=0+ transitions are finite and about 10−8
of the values of collective transitions within a band (Fig.
4) and are thus severely retarded. (For example, the
BE(2) value for 10+gr →8
+
gr=13680 e
2 fm4 and for 10+iso
→8+gr=0.4106×10
−4 e2 fm4). There is no K-selection
rule in our theoretical model prohibiting E2 and M1 tran-
sitions from K=10+ to K=0+ band- there is only J selec-
tion rule (Eqn. 10b). Thus after careful calculation
we find that the K-selection rule violating E2 and
M1 transitions from the K=10+ to K=0+ band
are finite, but retarded. This is in agreement
with experimental trends [1, 2, 23]. Our theory
describes both the collective transitions within a band
and the severely retarded (but non-vanishing) ones from
K-isomers to lower K band.
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φK |e
−iβJy |φK
〉
of 182W for K=0+
and K=10+ intrinsic states. (Black dots) for K=0+ and (red
squares for K=10+).
The overlap kernels
〈
φK |e
−iβJy |φK
〉
for the K=0+ and
the K=10+ bands are plotted in Fig. 7. K=0+ config-
uration has time-reversal symmetry and its overlap ker-
nel has very sharp peaks near β=0◦ and 180◦ falling off
6sharply within Cosβ interval of 0.05. The K=10+ con-
figuration has sharp peak near β=0◦ and falls off very
fast with β value. Fig. 8 shows the overlap kernel
between K=0+ and K=10+ bands. The overlap kernel〈
φ0+ |e
−iβJy |φ10+
〉
is very small (∼10−8)and vanishes for
β=0◦ and 180◦ and thus does not match with the ker-
nels of either of the bands. The severe retardation of
BE(2) and BM(1) values for transitions from K=10+ to
the ground band (Table 3) and the small overlap kernel
between the two configurations (Fig. 8) are reflections of
the fact that there is a large change of single neutron con-
figuration (11/2+→ -9/2+) in the transition from K=10+
to the ground band (depicted in Fig. 6).
In the microscopic picture, a collective transition is
caused by the coherent contributions of many nucleons.
This is reflected in the fact that the overlap kernel is
peaked near 0◦/180◦ in Euler angle β. In the case of K-
isomer decay to lower K band only a single-nucleon con-
tributes (and that by changing its Ω quantum number
by a large amount, leading to further retardation). The
process conserves angular momentum (rotational symme-
try) for the combined system of nucleons and the γ-ray
photon, given by the J-selection rule.
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FIG. 8. K=0+ and K=10+ overlap kernel
〈
φ0+ |e
−iβJy |φ10+
〉
.
Interaction between the two bands and mixings:
The Hamiltonian overlap (interaction energy) between
the K=10+ and the K=0+ bands are plotted in Fig. 9 for
various J values. It is seen that the interaction between
the two bands are quite small at low J, (J=10+ for exam-
ple) and becomes quite higher as J increases. Thus, the
mixing between the two bands is insignificant for K=10+
bandhead and states just above. But at higher J the
mixing can be more significant. Such large increase in
interaction energy between the ground band and the iso-
meric band at higher J values may be a general feature
of K-isomers for other nuclei too.
Summary and Conclusions: We have shown in
this work that one does not need K-mixing for transi-
tions from K-isomer to lower K bands. Two K bands of
good but widely different K values can be connected by
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FIG. 9. Plot of interaction energy between the ground band
and the K-isomer.
low order multipoles, provided the J and parity selection
rules are satisfied. It is essential to implement rotational
symmetry by angular momentum projection from intrin-
sic states.
The spectra and transition matrix elements, including
the K-selection rule violating E2 and M1 transitions from
the K=10+ bandhead of 182W to the ground band, have
been studied by deformed Hartree-Fock and angular mo-
mentum projection. The spectra and the collectivity of
transitions within bands and the retardations in K=10+
to K=0+ transitions are well reproduced. There is no
K mixing. The transitions allowed by J selection
rule (J=10+iso→8
+
gr by E2 radiation, for example)
are finite, but retarded, in agreement with ex-
perimental trends. The K quantum numbers of
the respective bands are robust and K mixing is
negligible in our microscopic calculation.
Thus, a theoretical understanding of the decay of a
K-isomer to lower K bands is possible if rotational sym-
metry is implemented by angular momentum projection
from the deformed intrinsic states. All transitions al-
lowed by J and parity selection rules are in general pos-
sible. The retardation of such transitions from the K iso-
mer is explained naturally by the poor overlaps between
the K-isomer and the lower K configurations.
The constraint on the transition matrix elements im-
posed by the rotational model is violated in the mi-
croscopic model at the single-nucleon level (neutron
Ω=11/2+→ -9/2+ for K=10+ decay in 182W), in agree-
ment with experimental trends. With this theoretical in-
sight one can study the decay of K isomers in many other
cases and this will help in the quantitative spectroscopy
involving K-isomer for its many possible applications.
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